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The dredged soil dumped into a reclamation facility is generally heterogeneous. If the reclamation is executed using hydraulic transportation
through pipes, large particles will be deposited around their outlets, and ﬁne particles will be deposited apart from those outlets, resulting in
signiﬁcant grain size segregation. Therefore, ground improvement by applying a preload or vacuum to the dredged soil deposit with prefabricated
vertical drains (PVDs) may result in an unexpected differential settlement. In the present study, partial sandy layers in a dredged soil deposit were
identiﬁed as three-dimensional information using the penetration resistance of the mandrel in the PVD installation, which was recorded as dense
information for a wide region. It was clariﬁed that the depth proﬁle of the penetration resistance of the mandrel in the PVD installation was useful
for investigating the soil stratigraphy, because it is closely related to the depth proﬁle of the tip resistance in cone penetration tests (CPTU). The
relative penetration resistance, deﬁned as the penetration resistance eliminating the data trend that reﬂects the effects of the overburden stress,
shear strength, sleeve friction and buoyance, is useful for identifying the partial sandy layers in a dredged soil deposit. A classiﬁcation equation
was proposed for identifying the partial sandy layers. Firstly, the depth proﬁle without the sandy layer was approximated, and then the threshold
value of 1.0 MN/m2 was used to identify the partial sandy layer. To verify the availability of this proposed method, the depth proﬁles were
compared with the results of CPTU tests. In addition, the predicted settlement, calculated on the basis of the stratigraphy obtained using the
penetration resistance of the PVDs, was compared with the ground surface proﬁle leveled after vacuum consolidation.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Dredged soil mainly consists of clay and silt and is generally
in an ultra-soft state with a very high water content. To use the
dredged soil deposit as a foundation ground, prefabricated0.1016/j.sandf.2014.09.006
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der responsibility of The Japanese Geotechnical Society.vertical drains (PVDs) (or plastic board drains, PBD) are
installed for ground improvement, and then a preload or
vacuum is applied. Typical examples of projects using preload
technology to accelerate consolidation include the offshore
expansion of Tokyo Haneda Airport (Nakada et al., 1997) and
the construction of the new Kita-Kyushu Airport (Terashi and
Katagiri, 2005). Recently, in some waste reclamation facilities,
vacuum consolidation technology has been applied to dredged
soil deposits to increase their volumetric capacity.
The dredged soil dumped into a reclamation facility is
generally heterogeneous. If the reclamation is executed usingElsevier B.V. All rights reserved.
Photo 1. PVD installing machine on work vessel.
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Fig. 1. Illustration of measurement of hydraulic pressure in PVD installation
and details of mandrel.
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cles are deposited around their outlets, and ﬁne particles are
deposited apart from those outlets, resulting in signiﬁcant grain
size segregation. Therefore, ground improvement by applying
a preload or vacuum to the dredged soil deposit may result in
an unexpected differential settlement. In most cases, however,
no information on the location of these outlets during inﬁlling
has been recorded.
As a part of construction management, the hydraulic
pressure applied to operate the mandrel in the PVD installation
is recorded with a data acquisition system. However, the
recorded data are generally not used when no execution
problems are encountered. The PVD-installing machine on a
work vessel used in this study is shown in Photo 1 and its
operation system with a hydraulic motor is illustrated in Fig. 1.
The mandrel is penetrated through the friction rollers driven by
the hydraulic motor. High and low pressures are measured by
pressure transducers and recorded to calculate the difference
between these two values corresponding to the penetration
resistance.
In consideration of the dense arrangement of the PVD
installation pitch and the continuity of the data in the depth
direction, if the data set can be used to ﬁnd partial sandy
layers, caused by the grain size segregation, the data set can
then be transformed into a three-dimensional stratigraphy of
the dredged soil deposit. This is equivalent to conducting cone
penetration tests (CPTU) in a very dense arrangement. Such a
three-dimensional description of the stratigraphy of partial
sandy layers can be employed as very useful information on
the prediction of differential settlement derived from the
consolidation.In the present study, the PVD installation for the vacuum
consolidation conducted in a reclamation facility for dredged
soil was examined. The data set of the hydraulic pressure for
the mandrel penetration was transformed into the depth proﬁle
of the penetration resistance to ﬁnd the partial sandy layers in
the dredged soil deposit and to describe the three-dimensional
stratigraphy of the dredged soil deposit. To verify the avail-
ability of the proposed method, the depth proﬁles of the
penetration resistance were compared with the CPTU results.
In addition, the ground surface proﬁle, leveled after the vacuum
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Fig. 2. (a) Site examined in this study. A1–A6 are working blocks for vacuum
consolidation with PVDs. (b) History of dredging and dumping of soils at
working blocks A1–A6.
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Fig. 3. Illustration of vacuum consolidation with capped PVDs.
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based on the three-dimensional stratigraphy obtained with the
penetration resistance of the PVDs.
2. Penetration resistance in PVD installation
The reclamation facility examined in this study was located
offshore in Tokyo Bay (Fig. 2a). The original seabed was
12 m, and dredging was conducted up to 17 to 23 m;
then the dredged soils from other sites were brought to the
facility and dumped up to the elevation of around 70 m
(Fig. 2b). Then, it was planned that the facility would be
transformed to a conﬁned type of disposal facility for industrial
and municipal waste. Below a depth of 17 to 23 m in
elevation at the site, a very high plastic Holocene clay layer
was homogeneously deposited as the original seabed with a
thickness of about 20-m.
In the vacuum consolidation at this site, the surface of the
dredged soil was used as a seal layer instead of an imperme-
able sheet (Fujii et al., 2002; Yoneya et al., 2003; Chai et al.,
2008). This ground improvement technology is illustrated in
Fig. 3. The PVDs were not embedded into the sandy bearing
layer (below 36 m) to apply the vacuum to their tips. Similar
to the tip resistance qt of CPTU tests, penetration resistance pm
is deﬁned as the penetration force of the mandrel, P, divided
by the cross-sectional area, A, of 0.02365 m2, as shown in
Fig. 1.Cone penetration tests were conducted at the center of each
working block, A1–A6 (Fig. 2a), before the PVD installation.
The depth proﬁles of the cone tip resistance, qt, of CPTU are
shown in Fig. 4 compared to the depth proﬁle of the
penetration resistance, pm, obtained at the nearest locations
of CPTU. Here, the value of pm was offset to be 0 at the
moment when the penetration of the mandrel in the PVD
installation began. The tendency of the depth proﬁle of the
penetration resistance of the mandrel coincides with that of the
tip resistance of CPTU, e.g., a large pm value corresponds to a
large qt value, indicating a sandy layer. These results indicate
that the depth proﬁle of the penetration resistance of the
mandrel, pm, can be used to identify soil types.
In more detail, the depth proﬁle of penetration resistance pm
at working blocks A2 and A3 are shown in Fig. 5, compared to
the depth proﬁle of cone tip resistance qt, sleeve friction fs,
pore-water pressure u, and void ratio e. Here, void ratio e was
obtained using RI-cone penetration tests (Dasari et al., 2006;
Karthikeyan et al., 2007; Jia et al., 2013) conducted after the
CPTU tests. It can be seen that block A2 had a partial sandy
layer at the middle depth, whereas block A3 consisted of a
homogeneous clay layer without a sandy layer. It was not
clear, however, if the depth proﬁles at the center of the blocks
could represent the whole area of each block. Therefore, the
authors were motivated to examine all the data of penetration
resistance pm in the blocks to evaluate the three-dimensional
distribution.
3. Identiﬁcation of sandy layers
At working blocks A2 and A3, in Fig. 2a, the total number
of installed PVDs was 2160. Using all of these data, the three-
dimensional distribution of partial sandy layers in the dredged
soil deposit were investigated through the data set of penetra-
tion resistance pm. In the authors' previous study (Watabe and
Shinsha, 2013), all the depth proﬁles for the penetration
resistance pm, obtained at each block, were ﬁrst superimposed.
The data for block A2 is shown in Fig. 6a. Some partial sandy
layers were found at an elevation of 0 to 23 m in the dredged
soil deposit, but no sandy layers were found below an elevation
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depth proﬁle without any sandy layers, pmA(z), was approxi-
mated as a straight-line for all of the data. The value of pmA(z)
reﬂects the effects of the overburden stress, shear strength,
sleeve friction, and buoyancy force. Relative penetration
resistance p
0
mðzÞ is deﬁned as Eq. (1). The depth proﬁle of
p
0
mðzÞ is plotted in Fig. 6b.
p
0
mðzÞ ¼ pmðzÞ–pmAðzÞ ð1Þ
The classiﬁcation of the soil into clay and sand at each depth
is examined on the basis of relative penetration resistance
p
0
mðzÞ. The depth proﬁle with a large p
0
mðzÞ value is judged to
be in a partial sandy layer. Due to the large variation in data,the threshold value is determined as μþσ, where μ is the mean
value (approximately 0 because the trend has already been
eliminated) and σ is the standard deviation (see Fig. 6b).
Therefore, the partial sandy layer is identiﬁed by Eq. (2) as
follows:
p
0
mðzÞ–ðμþσÞZ0 ð2Þ
Fig. 6b shows that standard deviation σ is 2.75 MN/m2 for
block A2. This means that if relative penetration resistance
p
0
mðzÞ is close to the lower limit, the relative variation smaller
than 2σ (¼5.5 MN/m2) is judged to be in the clayey layer.
However, this variation is very signiﬁcant for judgement when
identifying a partial sandy layer, as seen in Fig. 6b. In this
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superimposed data set, is individually examined to identify the
partial sandy layers.
Instead of using Eq. (2), proposed by Watabe and Shinsha
(2013), the present study newly proposes Eq. (3) to identify thesandy layers:
pmðzÞ–ðpmaðzÞþαÞZ0 ð3Þ
where pma(z) is an approximation of depth proﬁle pm(z) for the
clayey layer at each PVD installation and α is a threshold value
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Y. Watabe et al. / Soils and Foundations 54 (2014) 1006–1017 1011in consideration of the variation in data. At each center of
blocks A2 and A3, the depth proﬁles of pm(z) are plotted in
Fig. 7 with an approximate pma(z). The data pm shown here is
the same as that in Figs. 4 and 5. As the variation in data in the
clayey layer is smaller than 1.0 MN/m2, the threshold value
can be determined as α=1.0 MN/m2, and then the classiﬁcation
equation (Eq. (3)) is rewritten as Eq. (4):
pmðzÞðpmaðzÞþ1:0ÞZ0 ð4Þ
Here, the unit is MN/m2. Using this equation, the partial sandy
layer is clearly identiﬁed with the threshold value of 1.0 MN/
m2, rather than 5.5 MN/m2 (¼2σ). Therefore, the classiﬁcation
using Eq. (4) is much more sensitive to the variation in
penetration resistance pm(z) than that using Eq. (2). Note here
that the threshold value of 1.0 MN/m2 depends on both the
cross-sectional area and the measurement of penetration force.
However, for most PVD installing machines, the threshold
value of 1.0 MN/m2 might generally be used, because man-
drels have almost the same cross-sectional area as stream
shapes.4. Spatial distribution of sandy layers
The partial sandy layers are identiﬁed based on Eq. (4), and
the results are shown in Fig. 8. In this ﬁgure, the left- and
right-hand sides correspond to south and north, respectively. In
the south region of block A2 at 0–30 m in the y-axis, a thin
sandy layer is seen at 1 to 2 m in elevation, and a thick
sandy layer is seen at 11 to 24 m in elevation. In the
northeast region of block A3 at 80–105 m in the y-axis and
45–65 m in the x-axis, a very thick partial sandy layer is seen
at 2 to 19 m in elevation. In the northwest region of block
A3 at 0–15 m in the x-axis, a partial sandy layer is seen at 9to 20 m in elevation. The area of the partial sandy layers
identiﬁed using Eq. (4) in this study is larger than that
identiﬁed using Eq. (2) in Watabe and Shinsha (2013). In
addition, the gradation indicates that a stiffer layer tends to be
found in the thicker partial sandy layer. No sandy layer is
found in the region near the interface between blocks A2 and
A3, corresponding to a region at 30–80 m in the y-axis. In
consideration of the signiﬁcant heterogeneity of the dredged
soil deposit, the three-dimensional distribution of the partial
sandy layers in a high resolution corresponding to the drain
installation pitch is thought to be useful information in the
calculation of the differential settlement.5. Prediction of differential settlement
In the above discussion, the partial sandy layers in the
dredged soil deposit were identiﬁed based on the depth proﬁle
of the penetration resistance, which had been veriﬁed in
a comparison with the depth proﬁle of the tip resistance of
CPTU. Since the number of CPTU is generally very limited, as
an additional veriﬁcation of the availability of the three-
dimensional distribution of the partial sandy layers, the planar
distribution of the settlement by vacuum consolidation, includ-
ing self-weight consolidation, obtained as the difference
between the surface proﬁles leveled by bathymetry before
and after the vacuum consolidation, is shown in Fig. 9 and
compared to Fig. 8. It is seen that the regions with the thicker
sandy layer correspond to the smaller consolidation settlement.
Based on the three-dimensional distribution of partial sandy
layers, the consolidation settlement was predicted as follows:
The stress history at blocks A2 and A3 is illustrated
in Fig. 10. At block A2, the original seabed was 12.0 m in
elevation; then the seabed was dredged up to 23.0 m in
0)
(1) z =0 m
0
)
(2) z =-1m
y (m)
0 108
63
x 
(m
A2 A3 A2 A3
y (m)
0 108
63
x 
(m
)
0
(3) z =-2 m
0
m
)
(4) z =-3m
y (m)
8010
63
x 
(m
) 
A2 A3 A2 A3
y (m)
8010
63
x 
(m
0
(m
)
(5) z =-4 m
0
(m
)
(6) z =-5m
A2 A3
y (m)
0 108
63
x 
A2 A3
y (m)
0 108
63
x 
(7) z = 6 m (8) z = 7 m
0
x 
(m
)
-
0
x 
(m
)
-
A2 A3
y (m)
0 108
63
A2 A3
y (m)
0 108
63
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to þ1.3 m in elevation. At block A3, the original seabed was
12.0 m in elevation; then the seabed was dredged up to
17.0 m in elevation and some dredged soils were dumped
onto the site up to þ0.1 m in elevation. Then, PVDs were
installed up to 34.0 m in elevation, and vacuum consolida-
tion was conducted with net vacuum pressure of 65 kN/m2.
From the depth proﬁle for void ratio e0 (Fig. 5), initial void
ratio is set to 3.20 and 3.07 for the dredged clay and seabed
clay layers, respectively. Consequently, effective unit weight
γ0 is set to 4.05 and 4.18 kN/m3, respectively, corresponding tothe void ratio. Effective unit weight γ0 for the partial sandy
layer is set to 7.85 kN/m3 based on the results of RI-cone
penetration tests, results with an initial void ratio of 1.25. From
incremental loading oedometer tests, compression index Cc is
set to 0.82 and 1.34, respectively, and the coefﬁcient of
consolidation, cv, is set to 120 cm
2/day for both layers.
Depth proﬁles for the effective stresses before and after
consolidation are illustrated in Fig. 11. Here, before the PVD
installation, the dredged soil layer was assumed not to be
consolidated. Therefore, the incremental consolidation pressure
considered here consisted of the self-weight consolidation of
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Y. Watabe et al. / Soils and Foundations 54 (2014) 1006–1017 1013the dredged soil and the net vacuum pressure. The consolida-
tion settlement can be calculated one-dimensionally by Eq. (5).
S¼∑ CcH logðp=pcÞ
1þe0
 
ð5Þ
where H is the thickness of the soil element, p is the consolidation
pressure, and pc is the consolidation yield stress (pre-consolidation
pressure σ
0
p). In this study, the soil layer is divided into elements
with a thickness of 1 m (i.e., H¼1 m). Depth proﬁles for p and pc
are determined, as shown in Fig. 11.The temporal variation in the consolidation settlement is
calculated using the radial consolidation theory of Barron
(1948), which is expressed as Eq. (6).
Uh ¼ 1exp 
8Th
FðnÞ
 
ð6Þ
where Th and F(n) are deﬁned as follows:
Th ¼
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2 lnðnÞ
n21 
3n21
4n2
n¼ de
dw
here de is the effective diameter of each PVD (de¼2.034 m)
and dw is the equivalent diameter of each PVD (dw¼75 mm).
The coefﬁcient of consolidation for the vertical (cv) and
horizontal (ch) is assumed to be isotropic (cv¼ch). Calculated
settlements corresponding to the whole layer and the dredged
soil layer at the center of blocks A2 and A3 are plotted in
Fig. 12 with the observed settlement. The calculated data agree
well with the observed data. Note here that the immediate
settlement in the sandy soil layers was calculated correspond-
ing to a variation in the average void ratios from 1.25 to 1.10
that was obtained by RI-cone penetration tests conducted
before the PVD installation and after the vacuum consolidation
at the center of working blocks A1–A6.
The consolidation settlement of the whole area of blocks A2
and A3 is calculated and the planar distribution of the surface
settlement is plotted in Fig. 13. The calculation was conducted
every 3.6 m (the arrangement of the PVD installation was on
every 1.8 m square, and the data were used alternately), but the
observation data by bathymetry were obtained every 10 m
(Fig. 9). As the resolution of the planar distribution is different
between Figs. 9 and 13a, these two ﬁgures show different
impressions and cannot be directly compared. Therefore,
the calculated planner distributions were averaged every
10.8 (¼3 3.6) m square (Fig. 13b) for comparison with Fig. 9.
From Figs. 9 and 13b, very similar planar distributions are
seen. This fact indicates that the three-dimensional distribution
of the partial sandy layers can be identiﬁed using the
penetration resistance of the mandrel in the PVD installation,
and the three-dimensional distribution of the partial sandy
layers is very useful for predicting the planar distribution of
consolidation settlements, i.e., differential settlements.
6. Conclusions
In the present study, the partial sandy layers in a dredged
soil deposit were identiﬁed as three-dimensional informationusing the penetration resistance of the mandrel in a PVD
installation, which were recorded as dense information for
a wide region. The knowledge obtained in this study is written
hereunder.(1) The depth proﬁle of the penetration resistance of the
mandrel in the PVD installation is useful for investigat-
ing the soil stratigraphy, because it is closely related
to the depth proﬁle of the tip resistance in the
CPTU tests.
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Fig. 12. Comparison of observed and calculated settlements: (a) at working
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5.0 4.0A classiﬁcation equation is proposed, as Eq. (3), to identify
the partial sandy layer. In this method, the depth proﬁle of
the penetration resistance at each PVD installation is
individually analyzed. The depth proﬁle without sandy
layers is approximated ﬁrst, and then threshold value α is
used to identify the partial sandy layer. In consideration of
the variation in data in the present study, α¼1.0 MN/m2
was proposed (Eq. (4)).(3)
2.5 6.5The relative penetration resistance to the trend value
increases signiﬁcantly in the thick sandy layer.Settlement (m)
(4)Fig. 13. Planar distribution of calculated surface settlements: (a) data
calculated every 3.6 m and (b) data averaged every 10.8 m.Using the radial consolidation theory (Barron, 1948), the
temporal variation in consolidation settlement can be
approximately simulated one-dimensionally in considera-
tion of the partial sandy layers.(5) The spatial distribution of the partial sandy layers,
identiﬁed using the penetration resistance, is useful for
predicting the planar distribution of consolidation settle-
ments, i.e., differential settlements.(6) The predicted differential settlement, calculated as one-
dimensional consolidation in consideration of the partial
sandy layers, agreed well with the differential settlement
leveled by bathymetry.
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